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In the Dictyostelium slug there are two types of prestalk cells, pstA cells and pstO cells, that differ in their ability to
utilize the distal and proximal parts of the promoter of ecmA, a gene that is speci®cally expressed in prestalk cells. When
Rm, a dominant inhibitory form of the regulatory subunit of cAMP-dependent protein kinase (PKA), is expressed under
the control of the complete promoter of the ecmA gene (in a construct termed ecmAO:Rm) development proceeds to the
slug stage. Although able to form small but outwardly normal slugs, ecmAO:Rm cells are defective in prestalk cell
differentiation. In ecmAO:Rm cells, the induction of pstA- and pstO-speci®c gene expression by the stalk cell inducer DIF
is greatly inhibited. Paradoxically, a very large fraction of the cells in an ecmAO:Rm slug show evidence of once having
expressed the ecmA and ecmO prestalk markers. However, we present evidence that this is due to abortive prestalk cell
differentiation that terminates when suf®cient Rm protein has accumulated to block PKA activity. This results in regulative
transdifferentiation of prespore cells to form prestalk cells. During their transitory period as prestalk cells the ecmAO:Rm
cells coexpress both the ecmA and ecmO markers, indicating a possible link between PKA activity and divergence of the
two prestalk cell subtypes. Finally, we show that the level of the DNA binding activity believed to lie at the end of the
DIF signal transduction pathway is reduced in ecmAO:Rm slugs. q 1996 Academic Press, Inc.
INTRODUCTION slug and their differentiation is induced and maintained by
extracellular cAMP signaling (Kay et al., 1978; Barklis and
Lodish, 1983; Mehdy et al., 1983; Oyama et al., 1982;The Dictyostelium slug is an intermediate in develop-
Schaap and van Driel, 1985). These signals are perceivedment containing cells that are part way along either the
by cell surface receptor molecules which are coupled tostalk or the spore differentiation pathways, but which have
heterotrimeric G proteins that activate a number of intra-not become irreversibly committed to their presumptive
cellular effectors, including adenylate cyclase (reviewed infates (Raper, 1940). This ¯exibility is presumably required
Firtel et al., 1989; Hereld and Devreotes, 1992). Changes inbecause, as the slug migrates, there is a gradual loss of
intracellular cAMP are perceived by the cAMP-dependentprestalk cells (Sternfeld, 1992) and there must be the poten-
protein kinases (PKA) holoenzyme which, in Dictyostel-tial for the transdifferentiation of prespore into prestalk
ium, contains a single regulatory (R) and a single catalyticcells if the correct proportion of cell types is to be main-
(C) subunit (De Gunzburg and Veron, 1982; Mutzel et al.,tained. Regulative behavior implies the existence of diffus-
1987). Rm is a mutant form of the R subunit that containsible signals that pass between the cells to determine their
a point mutation in each of the two cAMP binding sitesstate of differentiation and it seems most likely that the
and which acts as a dominant inhibitor of the C subunitmolecules that induce initial cellular differentiation also
(Harwood et al., 1992a). When Rm is placed under the con-form part of the regulation mechanism. Two such mole-
trol of the promoter of pspA, a gene encoding a cell surfacecules have been identi®ed, cAMP and a chlorinated hexa-
protein speci®c to prespore cells, the expression of pspAphenone called DIF.
and a number of other genes speci®cally expressed in pre-The prespore cells are located in the rear four-®fths of the
spore cells is repressed (Hopper and Williams, 1994; Hopper
et al., 1995). This occurs by a combination of transcriptional
and posttranscriptional regulation. Thus, a certain level of1 To whom reprint requests should be addressed.
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PKA activity is required for correct prespore cell differentia- third the size of control slugs (Bonner and Williams, 1994)
and extracellular cAMP signals from the tip are believed totion but further activation of PKA, presumably via a rise in
intracellular cAMP, is both necessary and suf®cient to in- determine slug size (evidence reviewed by Wang and
Schaap, 1985). The tip also controls phototaxis (Francis,duce the maturation of prespore cells into spores (Kay, 1989;
Anjard et al., 1992; Hopper et al., 1993, 1995; Mann and 1964) and ecmAO:Rm slugs are severely defective in this
aspect of their behavior (Bonner and Williams, 1994).Firtel, 1993; Mann et al., 1994; Richardson et al., 1994).
Prestalk cells are located in the front one-®fth of the slug Northern transfer shows the ecmA gene to be reduced in
its expression by a factor of about ®vefold in ecmAO:Rmand their differentiation is induced by DIF, a secondary me-
tabolite that accumulates during multicellular develop- slugs (Harwood et al., 1992b) but is, in this case, an inade-
quate method of assaying cellular differentiation because itment (Brookman et al., 1982; Kay and Jermyn, 1983; Morris
et al., 1987). Part of the evidence for DIF's role in prestalk does not give information about the level of expression in
individual cells. Are there fewer prestalk cells or does eachinduction comes from studying the ecmA gene, which en-
codes a protein of the extracellular matrix that surrounds cell express the ecmA gene more weakly? Also, there are
now known to be two different kinds of prestalk cells,the slug (McRobbie et al., 1988). The ecmA gene is ex-
pressed only in prestalk cells and its transcription is rapidly which differ in their positions within the slug: the pstA cells
occupying the slug tip with the pstO cells lying between theinduced by DIF (Williams et al., 1987).
The intracellular signaling pathway that mediates DIF pstA cells and the prespore region (Jermyn et al., 1989). It
is important to know how their differentiation is affectedinduction of prestalk cell differentiation is largely uncharac-
terized. However, there is a developmentally regulated DIF when PKA is inhibited.
The promoter of the ecmA gene contains different regionsbinding protein that is partly cytosolic and partly nuclear
(Insall and Kay, 1990) and a wholly nuclear activity that that are responsible for directing expression in the pstA and
pstO cell populations and these promoter regions, fused tobinds to an element within the ecmA promoter that is es-
sential for prestalk-speci®c, DIF-inducible gene expression the lacZ gene, provide markers of their differentiation (Early
et al., 1993, 1995). Here we investigate the role of PKA in(Kawata et al., 1996).
Activation of PKA is both necessary and suf®cient to in- the differentiation of pstA and pstO cells. We show that
PKA activity is required for differentiation along both path-duce stalk cell differentiation. Overexpression of the C sub-
unit of PKA, or inactivation of the R subunit, leads to ec- ways and present evidence that it may also be involved in
the speci®cation of pstA and pstO cells as discrete subtypes.topic stalk cell differentiation in vivo and to stalk cell differ-
entiation in cells incubated in monolayer (Simon et al., Finally, we show, by a gel retardation assay, that the level
of the DNA binding activity, which is believed to regulate1992; Anjard et al., 1992; Hopper et al., 1993; Mann et al.,
1993). Treatment of cells with 8Br-cAMP, a membrane-per- prestalk-speci®c gene expression (Kawata et al., 1996), is
reduced in ecmAO:Rm slugs. This suggests that this proteinmeant analog of cAMP, also induces stalk cell differentia-
tion in cells incubated in monolayer (Maeda, 1988; Inouye lies within a PKA-regulated signal transduction pathway.
and Gross, 1993; Kubohara et al., 1993).
Conversely, inhibiting PKA prevents stalk cell differenti-
ation. When Rm is expressed from the entire ecmA pro- MATERIALS AND METHODS
moter (in the construct we term ecmAO:Rm), development
arrests at the slug stage. However, strains containing a fu- Construction of plasmids. The construction of ecmAO:Rm
(originally called ecmA:Rm) is described in Harwood et al.sion gene where the ecmA promoter directs expression of
(1992a,b). The structure of ecmO:lacZ is described in Early et al.Rc, a mutant form of the R subunit that cannot interact
(1993) and that of ecmA:lacZ in Early et al. (1995). The ecmO:GFPwith the C subunit, develop perfectly normally (Harwood
construct was made by transferring the XbaI±BglII fragment fromet al., 1992b). The ecmAO:Rm strains behave as ``sluggers,''
ecmO:lacZ encompassing the promoter region into the XbaI±BglIImutants that remain as migratory slugs for extended periods
sites of the multilinker of pDdgfp (Gerisch et al., 1995). To con-
of time (Sussman et al., 1978; Newell and Ross, 1982). While struct pspA:GFP the BglII±XhoI fragment from pDdgfp, spanning
the ecmAO:Rm slugs sometimes rear on end and attempt the gfp gene, was used to replace the lacZ gene in pspA:lacZ (Detter-
to culminate, the cells are incapable of terminal differentia- beck et al., 1994).
tion. Also, when ecmAO:Rm cells are incubated as a mono- Cell culture, transformation, and development. Dictyostel-
ium discoideum cells of the AX-2 strain were grown and trans-layer, DIF will not induce terminal stalk cell differentiation
formed as described previously (Watts and Ashworth, 1970; Early(Harwood et al., 1992b).
and Williams, 1987), except that in ®nal selection G418 was presentIt is important to determine at which stage in the stalk
at 200 mg/ml. Cotransformant clones, containing ecmAO:Rm andcell pathway of differentiation PKA exerts its effects. Is it
either ecmO:lacZ or ecmA:lcaZ, were selected by plating amoebaeonly affecting the differentiation of prestalk into stalk cells
in association with Klebsiella aerogenes and were screened visuallyor is it also affecting the formation of prestalk cells? Both
for the ecmAO:Rm phenotype (a failure to culminate). The clones
the behavior of the ecmAO:Rm slugs and their pattern of with a strong phenotype were further selected, for a high level of
gene expression suggest that PKA might be necessary for gene expression, by screening for b-galactosidase activity by an in
normal prestalk cell differentiation. The front half of the situ detection method (Buhl et al., 1993). Cells of the strain HMX44
prestalk zone, the tip region, seems to be defective in at (Morrison and Harwood, 1992), an axenic derivative of HM44 (Ko-
pachik et al., 1983), were transformed as for AX-2 cells except thatleast two ways. EcmAO:Rm slugs are about half to one-
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in the latter stages of the selection G418 was present at 20 mg/ml al., 1985; 10 mM 4-morpholineethane sulfonic acid (Mes), 2 mM
NaCl, 10 mM KCl, 1 mM CaCl2, 5 mM cAMP, 200 mg/ml strepto-(HMX44 is more highly sensitive to G418 than AX-2). The analysis
mycin sulfate, and 15 mg/ml tetracycline, pH 6.2). Incubation at aof gene expression of the HMX44 transformants was performed on
density of 2 1 105/ml was in the presence of 5 mM cAMP for thepooled populations, to correct for copy number effects of the re-
®rst 8 hr. The cells were then washed three times with stalk saltsporter constructs.
buffer before addition of buffer containing 5 mM cAMP or addition-Development was performed by washing exponentially growing
ally supplemented with DIF at a concentration of 50 nM (a gift ofcells in KK2 (16.5 mM KH2PO4, 3.8 mM K2HPO4, pH 6.2) and
R. Kay). After a further 18 hr, the cells were ®xed in situ and stainedplating them at a density of 5 1 107/ml on white nitrocellulose
overnight at 377C using X-gal as described above.®lters supported on 2% water agar plates (Difco, ``Bacto Agar'').
Isolation of nuclear extract and gel retardation assay. ThePlates were incubated at 227C in a humid chamber. For analyzing
extract was prepared exactly as described previously (Kawata et al.,the fraction of cells expressing prestalk or prespore markers at the
1996), from axenically growing cells which were allowed to developslug stage, or for performing grafting experiments, cells were plated
on water agar to a time immediately after slug formation. Brie¯y,at a density of 108/ml in thin streaks on 2% water agar plates. These
a crude nuclear extract was prepared exactly as described by Insallwere incubated next to a low-level, unidirectional light source to
and Kay (1990) except that the concentration of NP-40 was 1%. Aallow the slugs to migrate away from the origin. After 2 to 4 hr of
20±60% ammonium sulfate fraction was prepared and the pelletmigration grafting was performed using a hair loop.
was dissolved in dialysis buffer (10% glycerol, 50 mM potassiumAnalysis of gene expression. Filters bearing cells at the re-
phosphate, pH 7.5, 2 mM MgCl2, 400 mM KCl, 200 mM TLCK, 500quired stage of development were transferred to 1% glutaraldehyde
mM PMSF, 1 mM DTT) and dialyzed against the same buffer. Forin Z buffer (60 mM Na2HPO4 , 40 mM NaH2PO4 , 10 mM KCl, 1
the gel retardation assay, 2±4 mg of fractionated nuclear extractmM MgSO4 , 2 mM MgCl2) for 10 min and washed twice in Z buffer,
was used. Binding reactions contained 5 ml of the extract dilutedwithout ®xative but containing 0.2% Tween 20, and once in Z
with dialysis buffer, 2 ml of binding buffer (20 mM Hepes±KOH,buffer with no additive (Dingermann et al., 1989). They were then
pH 7.9, 100 mM NaCl, 2 mM MgCl2 , 1 mM EDTA, 40% glycerol,incubated in Z buffer containing 5 mM K3(Fe(CN)6), 5 mM
2 mM DTT, 1 mM PMSF, and 0.02% NP-40), 0.5 mg of poly(dA 0K(Fe(CN)6), and 1 mM X-gal at 227C until the appropriate degree
dT)rpoly(dA 0 dT) (Pharmacia), and 2 ng of probe in a 10-ml totalof staining was obtained. The reactions were stopped by replacing
volume. Prebinding of any competitors was performed in an icethe staining solution with Z buffer. At the end of the experiment
bath in the absence of the probe for 60 min and then the probe wasthe developing structures were washed off the ®lters using gelvatol
added and the tube incubated at room temperature for 30 min.and placed on a glass slide for photography.
The mixture was then electrophoresed on a 5% native polyacryl-Slugs were dissociated into single cells by trituration through
amide gel.progressively smaller-bore syringe needles. Prestalk-speci®c gene
The probe was made by annealing complementary oligonucleo-expression was assayed by ®xing the cells for 10 min in an Eppen-
tides derived from nucleotides 01165 to 01218 of the ecmA pro-dorf tube with Z buffer containing 0.05% glutaraldehyde and stain-
moter (Early et al., 1993). These were both made with BglII cohesiveing as above. Prespore-speci®c gene expression was assayed by
ends and were labeled with [a-32P]dATP (6000 Ci/mmol, Amer-staining with an antibody that recognizes vesicles that are present
sham) using the Klenow fragment of DNA polymerase I. Unincor-only in prespore cells and that contain spore coat components (Ta-
porated nucleotides were removed by two sequential passageskeuchi and Sakai, 1971). Dissociated cells were placed onto glass
through a ``Push Column'' (Stratagene).slides that had been coated with poly-L-lysine and then ®xed in
methanol for 10 min. They were stained with a polyclonal rabbit
antiserum directed against D. mucoroides spores (Takeuchi and
Sakai, 1971; a kind gift of Dr. R. Kay). TRITC-labeled, goat anti- RESULTS
rabbit antibody was used as a secondary detection reagent. After
washing (31 5 min) with PBS (0.14 M NaCl, 3 mM KCl, 10 mM Analysis of cells in monolayers suggests that both pstA
Na2HPO4, 2 mM KH2PO4, pH 7.2), the samples were mounted in and pstO cell differentiation are repressed when PKA is
gelvatol and visualized using a confocal microscope (Bio-Rad,
inactive. Normal development is complicated by the cell±Model MRC1000).
cell signaling that is occurring and one very valuable ap-Double labeling of dissociated cells was performed by ®xing cells
proach to minimize this complication is to study the differ-in glutaraldehyde and staining with X-gal as above. After 24 hr of
entiation of cells incubated as a monolayer (Bonner, 1970;staining, the cells were secondarily ®xed by immersion in methanol
Town et al., 1976). The Dictyostelium strain HMX44 isat room temperature for 10 min. They were then incubated for 24
defective in the production of DIF but remains responsivehr at 47C in a primary antibody solution containing MUD-1 (1
mg/ml), a mouse monoclonal antibody directed against the PSPA to it, so that cellular differentiation can be made dependent
protein (Krefft et al., 1983). Following several washes in PBS, the upon the addition of DIF (Kopachik et al., 1983; Morrison
slides were incubated with a secondary antibody solution con- and Harwood, 1992). HMX44 cells were cotransformed with
taining FITC-conjugated anti-mouse IgG antibody for an additional ecmAO:Rm and with ecmA:lacZ, a construct that directs
24 hr at 47C. After washing with PBS (31 5 min), the samples were expression only in pstA cells, or with ecmO:lacZ, a con-
mounted in gelvatol. Images of the cells were recorded using a video
struct that directs expression only in pstO cells (Early et
camera mounted on an orthodox light microscope. Fluorescence
al., 1993, 1995). The cells were exposed to cAMP, to renderimages of the same ®elds were then recorded using the confocal
them competent to respond to DIF, and then incubated withmicroscope.
DIF for 18 hr, ®xed, and stained with X-gal.Induction of marker gene expression by DIF. Subcon¯uent
During incubation the cells aggregate into clumps and soHMX44 cells, transformed with either the ecmA:lacZ marker or
in the control cells, i.e., those that do not contain ec-the ecmO:lacZ marker, were washed twice with KK2 and plated
in submerged monolayer culture in stalk salts buffer (Kopachik et mAO:Rm, it is not possible to count the number of stained
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FIG. 1. Analysis of gene expression in cells induced with DIF in a monolayer. HMX44 cells were incubated in a tissue culture dish in
a buffer containing cAMP for 8 hr and then incubated for a further 18 hr in the presence of DIF (see Materials and Methods). They were
then ®xed in situ and stained for b-galactosidase activity. (A) Cells transformed with ecmA:lacZ, (B) cells cotransformed with ecmA:lacZ
and ecmAO:Rm, (C) cells transformed with ecmO:lacZ, (D) cells cotransformed with ecmO:lacZ and ecmAO:Rm. Because it is the most
reliable way of comparing levels of gene expression between different transformants, we used pooled populations rather than clones and
the cells expressing at a low level in B and D are presumably those where copy number is high enough to give a detectable signal. The
average Dictyostelium cell (most clearly seen here as one of the blue objects in the DIF-treated samples) is approximately 10 mm in
diameter. The data were collected with a zoom lens on a stereo microscope and we cannot therefore calculate a scale bar.
cells. However, it is clear that a very large fraction of them paradox lies in the fact that expression of Rm is under con-
trol of a prestalk-speci®c promoter, so that there is a win-express the ecmA:lacZ (Fig. 1A) or ecmO:lacZ constructs
(Fig. 1C), while in cells transformed with ecmAO:Rm there dow of opportunity, a time immediately after it differenti-
ates as a prestalk cell when a cell is expressing only a smallare very few cells within the clumps that detectably express
either marker (Figs. 1B and 1D). amount of the dominant inhibitor and so can display some
of the properties of a prestalk cell. After this time, continuedThe results of Harwood et al. (1992b) show that PKA is
required for optimal ecmA gene expression and these mono- accumulation of the inhibitor causes it to lose these proper-
ties. A number of pieces of evidence support this conclu-layer induction results imply an almost absolute require-
ment for PKA activity if a cell is to become a prestalk cell. sion; the ®rst derives from studying the normal develop-
ment of ecmAO:Rm transformant cells containing eitherHow then is it possible for a slug to be formed from ec-
mAO:Rm cells? We believe that the answer to this apparent the ecmA:lacZ or the ecmO:lacZ construct.
FIG. 2. Analysis of the development of ecmAO:Rm cells. AX-2 cells transformed with either ecmA:lacZ (A±E) or ecmO:lacZ (F± J)
constructs were subjected to development and ®xed and stained for b-galactosidase activity. The cells in A±D and F±I were cotransformants
containing ecmAO:Rm and the ecmA:lacZ marker (A±D) or ecmO:lacZ marker (F±I) while the cells in E and J were transformed only
with the ecmA:lacZ (E) or ecmO:lacZ (J) marker.
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For ecmAO:Rm cells tip formation is delayed and ecmA- migrating slugs and counting the proportions of stained
cells. All of the cells are stained, using either marker (Figs.and ecmO-expressing cells become positioned ectopically.
During slug formation cells aggregate together to form a 3A and 3B), while in a normal slug only about 10% of cells
express ecmA:lacZ and 10% express ecmO:lacZ (Early etmound-shaped structure called the tight aggregate. A nip-
ple-shaped tip, composed of prestalk cells, appears at the al., 1993, 1995). Thus, far from displaying a repression of
prestalk cell differentiation, the ecmAO:Rm slugs seemtop of the mound and this elongates so that eventually the
mound is transformed into a cylindrical structure called the to contain a great overabundance of ecmA:lacZ- and
ecmO:lacZ-expressing cells.®rst ®nger. Under environmental conditions inappropriate
for immediate culmination the ®rst ®nger topples onto its The straightforward explanation for the large number of
ecmA- and ecmO:lacZ-expressing cells is that they deriveside and moves away as a migratory slug.
Up to the loose aggregate stage ecmAO:Rm transformants from the transdifferentiation of prespore cells. This was
tested by analyzing slugs for the fraction of cells that stainappear normal but then development slows dramatically.
While control cells go on to form a slug after a further 5 to with an antibody speci®c for vesicles (psv) that are present
only in prespore cells (Fig. 3C). About 80% of cells stained6 hr, the ecmAO:Rm aggregates take at least 12 hr to form
a slug. Also, they display aberrant gene expression for both with the anti-psv antiserum, the percentage expected for a
normal slug (Hayashi and Takeuchi, 1976). Therefore, mostthe pstA- and the pstO-speci®c markers. First, the level
of expression relative to wild-type controls is low. Many of the cells in the ecmAO:Rm slug must at some time have
expressed both a prespore and a prestalk marker. The con-ecmAO:Rm transformant clones had to be screened to ®nd
those with a usable level of expression and, even with such clusion that most cells show both prestalk and prespore
characteristics was tested directly by double staining usingclones, it was necessary to stain longer than for wild-type
aggregates. a different marker of prespore differentiation.
PSPA, the product of the pspA gene, is a surface proteinThe ecmAO:Rm aggregates are also highly aberrant in the
localization of pstA and pstO cells, in that the two markers of prespore cells. In initial experiments, double immunohis-
tochemical staining was performed using MUD-1, a mono-that distinguish them in wild-type cells, ecmA:lacZ and
ecmO:lacZ, are coexpressed. The initial site of pstO cell clonal antibody directed against PSPA (Krefft et al., 1983),
and a rabbit polyclonal antibody directed against b-galactos-differentiation is unknown but pstA cells appear to differen-
tiate at the periphery of the aggregate and then rapidly move idase. In the ecmO:lacZ control slugs prestalk and prespore
cells were clearly discriminated (data not shown) but in theto the apex, where they come to form the tip (Early et al.,
1995). In ecmAO:Rm cotransformants containing either the case of ecmAO:Rm/ecmO:lacZ cells it proved impossible
to detect b-galactosidase immunohistochemically, becausepstA-speci®c or the pstO-speci®c lacZ marker there is en-
richment of staining in a peripheral ring at the tight aggre- the level of lacZ gene expression was too low. Therefore,
ecmAO:Rm/ecmO:lacZ cells were ®rst stained enzymati-gate stage (Figs. 2A and 2F). Outwardly identical ecmA:lacZ
and ecmO:lacZ staining patterns are also observed at all cally with lacZ and were then incubated with MUD-1 and
secondarily stained with a ¯uorescent antibody. As ex-subsequent stages of development and this apparent coex-
pression is con®rmed below by the analysis of individual pected, all cells (visualized under phase contrast in Fig. 4A
and stained with X-gal in Fig. 4B) show lacZ expressioncells. Hence, the two markers will subsequently be dis-
cussed without discriminating between them. and about 60±70% of these cells show detectable PSPA
expression (Fig. 4C). This is slightly lower than with theThe most striking difference seen with the ecmAO:Rm
aggregates is that lacZ staining increases in intensity start- anti-psv antiserum and this presumably indicates that
MUD-1 staining is a marginally less sensitive detection pro-ing at the base of the developing structure and extending
gradually upward (Figs. 2B and 2G). This is in complete cedure.
Cells within the prestalk regions of ecmAO:Rm slugscontrast to the development of normal cells, where the tip
of the aggregate is the most strongly stained region at all are rapidly replaced by cells from the posterior. The pres-
ence of cells that contain both b-galactosidase and PSPAtimes during its elongation (Figs. 2E and 2J). The aberrant
staining becomes even more pronounced at later stages in (Fig. 4C) is a direct demonstration that there are cells within
the population displaying both prespore and prestalk char-slug formation, when wave-like distributions of staining
cells appear, with maxima and minima at apparently ran- acteristics. The wave-like distribution of b-galactosidase-
containing cells in the ecmAO:Rm/ecmO:lacZ and ec-dom positions along the ®rst ®nger (Figs. 2C and 2H). Later
during slug migration most of the slugs show apparently mAO:Rm/ecmA:lacZ ®rst ®ngers, and the high proportion
of apparent prestalk and prespore marker-coexpressing cellsuniform staining throughout their length (Figs. 2D and 2I),
although the occasional slug similar to the large structure in the slug, suggests that there are cycles of transitory
prestalk differentiation. Successive cohorts of prespore cellsin Fig. 2C can be observed (data not shown).
In ecmAO:Rm slugs containing prestalk markers there transdifferentiate and move to the anterior region. They
then accumulate suf®cient Rm protein to saturate the Care an excessively high number of stained cells and most of
these must also have expressed a prespore-speci®c marker. subunit and revert to some, as yet unde®ned, state and fall
backward. If true, then the forward ¯ow of cells should beThe whole-mount staining patterns give the impression of
a very high proportion of expressing cells at the slug stage higher in ecmAO:Rm slugs and this notion was tested in
two different grafting experiments.(Figs. 2D and 2I) and this was con®rmed by disaggregating
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8224 / 6x11$$$$$1 09-27-96 16:19:43 dbal AP: Dev Bio
33PKA and Prestalk Gene Expression
Because of the evidence that the ¯ow of cellular differen- promoter that is essential for expression in pstA cells. This
11-nucleotide region contains tandem repeats of the se-tiations during normal slug migration is prespore into pstO
then pstO into pstA (Abe et al., 1994), we ®rst used slugs quence TTGAA with an intervening A residue. Mutation
of the two G residues inactivates the 53-mer. There is awherein the pstO cells were ¯uorescently marked. A trans-
formant strain containing the ecmAO:Rm construct was developmentally regulated, nuclear localized DNA binding
activity that binds to the 53-mer and competition assaysused to prepare slugs and the approximate front one-third
parts of such slugs were grafted to the rear two-third parts show that it interacts with the TTGA repeats (Kawata et
al., 1996).of slugs prepared using a wild-type (i.e., non-Rm-containing)
strain (Fig. 5a). The wild-type strain was marked by its ex- AX-2 cells and ecmAO:Rm cells were allowed to develop
until they had just formed slugs and used to prepare nuclearpression of ecmO:GFP, a fusion gene in which the pstO-
speci®c region of the ecmA promoter directs expression of extracts. Equal amounts of the protein preparations were
then used in gel retardation with the 53-mer as a probe. As aGFP, the green ¯uorescent protein (Chal®e et al., 1993).
The control was to graft an unmarked, wild-type tip to such test of speci®city parallel binding reactions were performed
with and without competitor. In extracts from AX-2 cellsa ¯uorescently labeled rear.
In the control slugs there was very little forward move- there was a retarded band that became reduced in intensity
when unlabeled probe, or a probe containing mutations out-ment of ¯uorescent cells, during a 2-hr period, while by 2
hr of migration the ecmAO:Rm slugs were uniformly ¯uo- side the 11-nucleotide region of homology, was used as com-
petitor (Fig. 6). However, there was no competition with arescent (Fig. 5b; N.B., because of its smaller size, the whole
of the ecmAO:Rm slug is shown while, at this magni®ca- version of the 53-mer wherein the two G residues that lie
within the TTGA sequences are mutated. Extracts fromtion, only the approximate front one-third of the AX-2 slug
is visible). Thus, there is, as expected, a high rate of forward ecmAO:Rm cells showed exactly the same responses with
the different competitors but the strength of the uncom-movement of cells into the prestalk region of ecmAO:Rm
slugs. pleted band was always four- to ®vefold lower than that in
AX-2 extracts (Fig. 6).To show that the cells which enter the front ultimately
derive from the prespore population, a similar grafting ex-
periment was performed using rear sections containing cells
transformed with pspA:GFP. This construct contains the DISCUSSION
promoter of pspA, a prespore-speci®c gene, fused to GFP.
To allow suf®cient time for transdifferentiation, the slugs Interpretation of these results relies on the assumption
that the Rm protein is a speci®c inhibitor of the C subunitwere analyzed 6 hr after grafting. Some forward movement
is expected in the control, because b-galactosidase-con- of PKA and the evidence for this derives from the several
previous studies using Rm. When expressed from varioustaining cells are found in the prestalk regions of unmanipu-
lated AX-2 slugs derived from pspA:lacZ-transformed cells developmentally regulated promoters the Rm protein pro-
duces major developmental changes but control constructs(Harwood et al., 1991; Detterbeck et al., 1994). However,
the difference from the ecmA:Rm, especially in the slug containing Rc, a protein in which the domain that interacts
with the C subunit is deleted, have no detectable effectstips, is very clear; there are many ¯uorescent cells in the
tip of the ecmA:Rm anterior portion, while there are only (Harwood et al., 1992a,b; Hopper et al., 1993, 1995; Bonner
and Williams, 1994; Hopper and Williams, 1994. This sug-a very few ¯uorescent cells in the tip of the AX-2 anterior
portion (Fig. 5c, N.B., in the slug with the ecmA:Rm tip gests very strongly that Rm functions via its inhibitory ef-
fect on the C subunit rather than by an effect on some othermost of the prespore region is out of the focal plane; see
®gure legend). cellular component.
Analysis of the development of ecmAO:Rm cells is com-The level of an activity that binds to an essential regula-
tory element within the ecmA promoter is reduced in ec- plicated by the fact that there is an inherent circularity in
the experimental design; cells start to express the Rm pro-mAO:Rm cells. Having established that ecmAO:Rm cells
are defective in prestalk cell differentiation, we determined tein only after they are induced to become prestalk cells.
There is, however, a compensating advantage in this ap-whether the activity of a potential component of the DIF
signaling pathway is altered in these cells. Within the region proach in that we can be sure that the effect of PKA is
direct. It cannot be the result of a requirement for PKA atof the ecmO promoter that directs expression in pstO cells
there is a 53-nucleotide subregion (the 53-mer) that will some earlier step in the developmental pathway, because
the dominant inhibitor is not expressed until a cell actuallydirect weak prestalk-speci®c expression, when it is multi-
merized and placed upstream of a heterologous cap site and becomes a prestalk cell.
This circularity presumably explains why, in the mono-TATA box (Kawata et al., 1996). If the 53-mer is combined
with a GT-rich sequence element, which is believed to act layer assay, there is a very low but detectable level of
prestalk expression in cells where PKA is blocked. The ex-as a nonspeci®c ampli®er of the level of gene expression,
then the level of expression is greatly increased and it be- pression that occurs must re¯ect the lag time before Rm
accumulates to a suf®cient level to inhibit prestalk genecomes possible to detect induction by DIF. The 53-mer con-
tains an 11-nucleotide region that is perfectly homologous expression. The situation during normal development is
more complex than in the monolayer assay, because thereto a sequence within a cap-site proximal region of the ecmA
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FIG. 3. Analysis of prestalk and prespore differentiation in ecmAO:Rm slugs. Cells doubly transformed with ecmAO:Rm and either ecmA:lacZ
(A) or ecmO:lacZ (B) were used to prepare slugs and, after approximately 2 to 3 hr of migration, they were dissociated into single cells and
stained overnight for b-galactosidase activity. Almost all cells on the slide show staining for both lacZ markers. There was no blue staining in
control, untransformed cells (data not shown), so even the most weakly stained cells are deemed positive. The variation in staining intensity is
most likely to be the result of different cells having expressed the ecmA gene for different lengths of time, because these are clonal populations.
C shows cells dissociated from an ecmAO:Rm slug in this case stained for the presence of prespore vesicles. At this low power, the cells show
a ``doughnut'' appearance that is caused by the absence of stain within the nucleus. The arrows indicate the positions of unstained cells that
act as internal negative controls. A parallel slide where only the secondary antibody was used provided a further negative control and this
displayed almost no ¯uorescence at this sensitivity level (data not shown). In a normal slug approximately 10% of cells express ecmA:lacZ,
10% express ecmO:lacZ, and 80% contain prespore vesicles (Early et al., 1993, 1995; Hayashi and Takeuchi, 1976).
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is the possibility of regulation, so we have combined several estimate of a 5-fold lower mRNA level in ecmAO:Rm slugs
with the staining data (Fig. 3) showing that all cells express,lines of evidence to show a requirement for PKA.
First, there is the altered pattern of differentiation of ec- or at one time did express, the gene. This calculation sug-
gests that each cell expresses the gene at about a 25-foldmAO:Rm transformants. Tip formation is greatly delayed
and there is a major change in the expression patterns ob- lower level than control cells but it does not of course take
into account the different lengths of time for which theserved using markers of pstA and pstO cell differentiation.
One interesting effect of the ecmAO:Rm is to cause a com- gene may be being expressed in the control and ecmAO:Rm
cells.plete overlap in expression of the pstA- and the pstO-spe-
ci®c markers. This suggests that PKA may be a part of the The delay in tip formation most probably re¯ects the
change in the localization of prestalk cells which, rathersignaling pathway that leads to the bifurcation in prestalk
cell differentiation. There is also an effect on the level of than accumulating in the apex, predominantly populate the
basal parts of the aggregate. We believe that these staininggene expression. Relatively large numbers of transformant
clones needed to be screened to identify usable ecmA:lacZ- cells are cells that once expressed the ecmA gene and that
may have had other characteristics of normal prestalk cells,and ecmO:lacZ-expressing clones and these still showed a
relatively lower level of staining than control cells. but which reverted to an undifferentiated state once the Rm
protein accumulated to a high enough level. The stainingIt is important to realize that the inhibition by ec-
mAO:Rm in the monolayer induction assay appears obvious patterns themselves provide part of the evidence for this.
The staining patterns suggest that waves of transdifferen-and dramatic because equivalent staining times were used
for the populations under test, while the ecmAO:Rm cells tiation occur, synchronously enlisting groups of prespore
cells to become prestalk cells, and that these then dediffer-that were developed on ®lters were stained for approxi-
mately 10 times as long as the control populations. It is entiate, also as a group. There are often unstained tips (e.g.,
Fig. 2C, larger structure) that are presumably composed ofalso necessary to stress that we are not selecting aberrant
subpopulations of the ecmAO:Rm transformant cells when undifferentiated cells left behind when a cohort of prestalk
cells reverted and moved backward from the tip. Sometimeswe select for expressing clones. In the course of these experi-
ments identical results were obtained using four different there are two bands of staining (e.g., Fig. 2H, lower struc-
ture) that are, we assume, two cohorts of prestalk cells atclones of ecmAO:Rm/ecmO:lacZ transformants and four
different clones of ecmAO:Rm/ecmO:lacZ transformants. different stages in the transdifferentiation/reversion cycle.
Later, after migratory slugs are formed most structuresAlso, in subsequent experiments (N. Zhukovskaya, unpub-
lished results), using other subfragments of the ecmA pro- show uniform staining throughout (Figs. 2D and 2I).
Two additional, direct pieces of evidence suggest that thismoter coupled to lacZ, a total of 16 different ecmAO:Rm
clones were isolated and all of them show the same behavior interpretation, of waves of transitory prestalk differentia-
tion followed by reversion, is correct.as the clones described here.
Ectopic expression is also observed using an ecmAO:lacZ First, there are an abnormally high proportion of cells
that are expressing, or which at one time in their historyreporter gene, i.e., one that contains the entire promoter,
but it differs in one interesting respect; here there is always must have expressed, both prestalk and prespore markers.
This is as expected if the prestalk population, effectively,stronger expression in the front half of the slug (data not
shown). This explains why the ectopic expression was over- disappears periodically. A fraction of the prespore cells will
transdifferentiate to take their place. The indirect but verylooked in the study of Harwood et al. (1994), where shorter
staining times were used and where less highly expressing strong argument against the alternative interpretation that
these cells ®rst differentiated as prestalk cells and then be-clones may have been isolated. It suggests that there are
regulatory elements in the intact promoter that are missing came prespore cells derives from the design of the experi-
ment. We used the ecmAO promoter fragment to expressfrom the ecmA:lacZ and ecmO:lacZ constructs and we are
currently mapping these. Rm and it does not direct expression in prespore cells.
Therefore, during slug formation, the prespore cells shouldOur previous study showed that there is a 5-fold lower
level of ecmA expression, as observed by direct RNA analy- differentiate normally. Since we eventually ®nd that all
cells have at one time expressed the ecmA and ecmO mark-sis (Harwood et al., 1994). A very crude estimate of the
degree of underexpression can be made by combining the ers it seems reasonable to assume that most of the comarked
FIG. 4. Analysis of the expression of the pspA gene in ecmAO:Rm cells by immunostaining. Cells doubly transformed with ecmO:lacZ
and ecmAO:Rm were used to prepare slugs which were dissociated into single cells and af®xed to glass slides. The amount of b-galactosidase
protein proved to be too low to be detectable by immuno¯uorescence so orthodox double staining could not be performed. Therefore,
cells were ®xed in glutaraldehyde, stained overnight with X-gal, ®xed again in methanol, and then sequentially stained using MUD-1 and
a ¯uorescent second antibody. (A) A ®eld of cells viewed by phase-contrast microscopy, (B) the same ®eld observed by orthodox light
microscopy, and (C) the same panel observed by ¯uorescence microscopy. The three blue-stained cells marked with an arrow in B do not
show cell surface ¯uorescence in B and act as internal controls for the speci®city of the staining. The seven cells showing both cell surface
¯uorescence and blue staining express (or at some time were expressing) the lacZ and the pspA genes.
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FIG. 5. Evidence for the transitory nature of prestalk cell differentiation in ecmAO:Rm slugs. (a) The principle of the two grafting
experiments that are described in b and c. (b) Slugs were prepared from a transformant strain marked by its expression of ecmO:GFP, a
fusion gene in which the pstO-speci®c region of the ecmA promoter directs expression of the green ¯uorescent protein (Chal®e et al.,
1994). The rear two-thirds of such slugs were grafted to the front one-third of untransformed AX-2 slugs (left-hand side) or of ecmAO:Rm
slugs (right-hand side). After 2 hr the slugs were observed in a confocal microscope. The position of the AX-2 tip is shown by the white
line. The ecmA:Rm slugs are on average much smaller than the AX-2 slugs and therefore, to keep a constant ratio of sizes, relatively
small ecmO:GFP slugs were chosen as recipients for the grafting of ecmAO:Rm front portions. This explains why the whole grafted
structure is shown for ecmA:Rm while only the approximate front one-third is show for AX-2.
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FIG. 5ÐContinued (c) Slugs were prepared from a transformant strain marked by its expression of pspA:GFP, a fusion gene in which
the promoter of pspA, a prespore-speci®c gene, directs expression of the green ¯uorescent protein (Chal®e et al., 1994). The rear two-
thirds of such slugs were grafted to the front one-third of ecmAO:Rm slugs (top) or of untransformed AX-2 slugs (bottom). After 6 hr the
slugs were observed in a confocal microscope. The position of the AX-2 tip is shown by the white line. The assumed position of the graft
is shown by the white arrows, based on the demarcation between ¯uorescent and predominantly non¯uorescent cells. N.B., this is a plan
view of a living slug that is arched (this is called ``hurdling'' and it is part of the movement cycle adopted by Dictyostelium slugs), such
that most of the prespore region is out of the focal plane.
cells started off as prespore cells and transitorily became the notion of waves of transdifferentiation and forward
movement comes from the two grafting experiments. GivenecmA-expressing cells.
The second piece of experimental evidence supporting that the ¯ow of differentiation in the slug is prespore to
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Even if true, this is likely to be only a partial explanation
of the effects of PKA because GBF does not endow cell-type
speci®city of gene expression; G boxes are present in both
cell type-speci®c and non-cell type-speci®c promoters. The
fact that inactivation of PKA renders pstA- and pstO-spe-
ci®c constructs equivalent argues for a cell type-speci®c
effect of the kinase. The tandemly repeated TTGA elements
within the ecmA promoter interact with nearby GT-rich
sequence elements to direct DIF-inducible, prestalk-speci®c
gene expression (Kawata et al., 1996). The fact that the ac-
tivity which binds to these elements is reduced in ®rst ®n-
gers derived from ecmAO:Rm slugs suggests that the DIF
signal transduction pathway involves a PKA-dependent
step.
One ®nal word of caution is required. We cannot be en-
tirely certain that PKA is directly involved in either the
GBF pathway of the DIF induction pathway. The inhibitory
competitor
probe
-  WT Gm Cm   -   WT Gm Cm
Ax2 ecmA-Rm
activity of Rm could re¯ect an indirect effect on another
signaling pathway. For example, PKA is required for theFIG. 6. Analysis of the activity of the TTGA binding protein in
activation of adenylate cyclase in response to extracellularnormal and ecmAO:Rm ®rst ®ngers. A nuclear extract prepared
cAMP signals (Harwood et al., 1992a) and disruption offrom newly migrating AX-2 and ecmAO:Rm slugs was used in gel
cAMP signaling by the prestalk cells could lead to theirretardation with a 53-nucleotide probe (53-mer) that contains direct
repeats of the TTGA sequence. Two micrograms of extract was own dedifferentiation. Proof that PKA is directly involved
used in each retardation assay. In those samples where competitor will require a demonstration that it phosphorylates a known
was included it comprised 100 ng of unlabeled 53-mer containing component of one or another of the two pathways.
no mutations (lanes 2 and 7, WT), mutations in each of the two G
residues in the TTGA direct repeats (lanes 3 and 8, Gm), and muta-
tions in a block of C residues that have no known function (lanes ACKNOWLEDGMENTS3 and 9, Cm). This serves as a second control for the competition
and, as expected, it behaves like an unmutated 53-mer. Lane 1
This study was supported by the Wellcome Trust (Wellcomecontains no extract, lanes 2±5 contain AX-2 protein, and lanes 6±
Program Grant 039899). We thank John Bonner for his very valuable9 contain ecmA:Rm protein.
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